ABSTRACT Comparative performance and complementarity tests of four arthropod sampling methods (aerial netting, hand collection, pitfall traps, and sticky traps), used by forensic entomologists in death investigations, training workshops, and research trials, were conducted from simultaneously placed human and porcine subjects inside the Forensic Anthropology Center at the University of Tennessee, Knoxville, TN. A secondary aim investigated the widely held claim that pig carcasses are reliable surrogates for human corpses. Over a 35-d period in summer 1989, Ͼ72,000 invertebrates from three subjects (one human, two pigs) were sampled of which 93% were members of the forensically important (FI) fauna. Performance tests revealed that hand collections, when performed by an experienced forensic entomologist, consistently yielded the largest fraction of FI arthropods from the total invertebrate catch, followed by aerial netting, sticky traps, and pitfall traps, regardless of subject. Pitfall traps and hand collections were broadly effective at sampling both ßy and beetle populations, whereas aerial netting and sticky traps mostly targeted ßies. The best two-method combination, based on the highest combined catches of FI taxa, were hand collections and pitfall traps, regardless of subject. Between-subject comparisons revealed negligible preference by FI arthropods for human over pig remains. Insofar as our limited comparisons allow with only three study subjects, these results validated the concept of transferability of "best practices" from one subject to another and conÞrmed the claim that pig carcasses (of 23Ð27-kg starting mass) can substitute for human corpses in research and training programs, at least for summer-exposed and unconcealed remains in the Þrst 5 wk postmortem.
Entomologists often need to know whether the conclusions they draw from one body of results can be extrapolated to another for a different time, place, and context. This is especially true for forensic entomologists who rely heavily on timetables of insect development or succession, derived from baseline studies conducted in the laboratory or Þeld, to estimate the postmortem interval (PMI) or other events of the deceased whose remains are discovered in a different time, place, and context. Whether this extrapolation is successful (or not) depends on several factors, not the least of which includes what food substrate (e.g., Smith 1986 , Day and Wallman 2006 , Tarone and Foran 2006 , rearing criteria (e.g., Greenberg 1991; Higley and Haskell 2001; Nabity et al. 2006 Nabity et al. , 2007 , antemortem/exposure conditions (e.g., Payne 1965 , Catts, 1992 , Anderson 2001 , and time of year (e.g., Johnson 1975 , Lopes de Carvelho and Linhares 2001 , Archer 2003 were incorporated in baseline studies leading up to their application in future death investigations.
Likewise, different capture intensities and Þeld methods used by forensic entomologists for sampling arthropods from human remains have the potential for inßuencing PMI estimates (Schoenly et al. 1996) ; however, we are aware of no comparative Þeld tests of these methods on human corpses. Toward this goal, one important test is to determine which sampling method(s) capture(s) the largest fraction of forensically important arthropods (taxa and individuals). Over the decades, forensic entomologists have used aerial netting, hand collections, pitfall traps, sticky traps, and Malaise traps (Smith 1986; Haskell and Williams 1990; Haskell et al. 2001a Haskell et al. , 2001b . Because sampling methods tend to be species-selective (Krebs 2000) , catches will vary, uncovering biases that may require disuse, calibration, or at the very least, improved understanding (Southwood and Henderson 2000) . Moreover, depending on whether an investigator is collecting at a crime scene, training workshop, or research trial, the sampling requirements also may vary. For example, an entomologistÕs sampling requirements at a crime scene (or morgue) may tend to favor methods that are time minimizers and yield maximizers, whereas, another entomologist conducting a research trial might sacriÞce efÞciency for inventory completeness. Consequently, recommendations on which (and how many) sampling methods entomologists should use in these different venues require comparative Þeld data.
Another methodological issue in forensic entomology, raised repeatedly in United States courtrooms, relates to the scientiÞc validity of substituting nonhuman (other mammalian) carcasses for human corpses in baseline studies (Catts and Goff 1992, Goff 1993) . Because of the many legal and ethical challenges attendant on the use of human cadavers, forensic entomologists have assumed, implicitly or explicitly, that conclusions derived from studying nonhuman carcasses are transferable to human corpses. This assumption was indirectly conÞrmed in 1983 when an arthropod checklist (mostly insect families) compiled by Rodriguez and Bass (1983) , who studied four intact and unembalmed human corpses in Knoxville, TN, overlapped the largely species-level checklist of Reed (1958) , who studied 43 dog carcasses on nine sites south of Knoxville, Ϸ5 miles distant from the other site. Indeed, the human-associated fauna was a nested subset of the dog-associated fauna in that all arthropod taxa of the former were found in the latter (albeit at different levels of taxonomic resolution). The oncampus Forensic Anthropology Center (FAC) at the University of Tennessee, Knoxville (formerly the Anthropology Research Facility or ARF), where the corpseÐ arthropod survey of Rodriguez and Bass (1983) was conducted, is the worldÕs only outdoor laboratory devoted to the scientiÞc study of postmortem human decay. Throughout its 25ϩ yr history, Ͼ400 corpses have been studied at the FAC.
Since the classic studies of Payne et al. (1965 Payne et al. ( , 1968a Payne et al. ( , 1968b Payne et al. ( , 1969 Payne et al. ( , 1970 Payne et al. ( , 1971 Payne et al. ( , 1972 , forensic entomologists have viewed the domestic pig, Sus scrofa L., as the most promising human surrogate (of roughly 23Ð27-kg starting mass) due to its similar internal anatomy, fat distribution, chest cavity, omnivorous diet, and lack of heavy fur (e.g., Smith 1986 , Catts 1992 , Catts and Goff 1992 , Goff 1993 , Byrd and Castner 2001 . Other advantages include ease of procurement, reasonable cost, and a low propensity to incite public objection (Catts and Goff 1992, Goff 1993) . Despite these encouraging results, however, the pig-as-surrogate claim remains unsubstantiated until Þeld tests of simultaneously placed porcine and human subjects (of similar postmortem age and condition) are conducted in the same environment by using the same methods.
The obvious constraints imposed on the scientiÞc study of human subjects speak to the urgency for forensic entomologists to have comparative arthropod records from human and porcine subjects to ensure that "best practices" (Amendt et al. 2007 ) recommended for one subject are valid for the other. We addressed this challenge by conducting performance and complementary tests of four sampling methods on simultaneously placed porcine and human subjects within the FAC. Our chief aim was to determine which sampling methods, when used singly and in combination, yielded the largest fraction of forensically important (FI) arthropods from pig and human remains. A secondary aim investigated whether FI faunas on pig and human subjects overlapped sufÞciently to recommend substituting the former for the latter in training and research programs. In this article, we deÞne the FI fauna as a subset of the carrionÐarthropod fauna whose members are used to estimate the PMI in medicolegal cases. Results are summarized mostly as trend comparisons between methods and subjects and as sampling recommendations for different collecting venues (i.e., crime scenes, training workshops, research trials).
Materials and Methods
Field Sites. The study was conducted over a 35-d period in summer 1989 (13 JulyÐ16 August) within and adjacent to the FAC, Ϸ200 m from the Tennessee River. The FAC is a 1.6-ha (4.5-acre) woodland surrounded by a chain-link fence. At the time of our study, FAC personnel had placed several human corpses in the site that had become skeletonized or mummiÞed; remains of older cadavers were also present at the site. Over the study period, ambient air temperatures at the FAC revealed a slight warming trend from mid-July through early August interrupted by a brief cold front on 7Ð 8 August (Fig. 1) .
A second "control" site (containing no introduced carcasses), Ϸ70 m distant (outside the perimeter fence) of the FAC, was established to sample the background fauna against which the FI fauna at the FAC could be validated. Arthropod sampling at this site relied on sticky and pitfall traps and followed the same collection schedule as the FAC.
Subject Acquisition and Placement. At least two human corpses had been requested of FAC personnel as early as May 1989; however, only one corpse was available on 10 July that met the design criteria of the study (i.e., death within 48 h of acquisition, intact, unautopsied, and unembalmed). The corpse was obtained through the scientiÞc donation program operated by the University of Tennessee Department of Anthropology. The human subject was a white male Ϸ58 yr of age who had died of blunt force trauma to the head from a fall. The subjectÕs wounds were sutured at the hospital where he had been treated and died; thus, the subject lacked unnatural openings that could have altered arthropod colonization.
Upon receipt of the corpse, three pigs (starting weights 23Ð27 kg) were immediately euthanized (by a previously contacted hog farmer) to synchronize placement times at the site. After equalizing body temperatures for 48 h in a 4ЊC cooler, the four subjects were transferred to the FAC on the evening of 12 July, before midnight, to synchronize arthropod visitation times (Nuorteva 1977) . The four subjects were placed 10 m apart and arranged along an eastÐwest direction on bare soil. This pattern of subject spacing was consistent with Þeld practices of other carrion researchers (e.g., Payne 1965 , Shubeck 1967 , Lord 1982 , Tullis and Goff 1987 . Although total independence would require intersubject spacing of at least several hundred meters for ovipositing calliphorids (Braack and Retief 1986 , Spradbery et al. 1995 , Smith and Wall 1998 , our 10-m spacing pattern offered arthropods simultaneous access to four subjects under similar topography, microclimate, and exposure conditions. Arthropod Sampling. Arthropod samples were collected from the human subject and two of the three pigs (hereafter called "pig A" and "pig B") over a 35-d study period, from 13 July to 16 August 1989. The third pig ("pig C") was not sampled to test for possible sampling effects on rates of decay and succession. Four sampling methods, including those in current practice by forensic entomologists in research, training, and casework, were incorporated in this comparative study: aerial nets, hand collections, sticky traps, and pitfall traps. Each method targets certain taxa and microhabitats of the carcass, and each possesses speciÞc advantages and limitations (see below).
Aerial Sweep Nets. This is a popular method for sampling FI taxa from human and nonhuman remains. In this study, 10 back-and-forth sweeping motions, taken in rapid succession over the remains, represented one sample. On the 10th pass, the opened portion of the net was brought to chest level while rotating the opening 180Њ; this action sealed off the opening trapping insects inside. Because carrion-associated Diptera are typically fast ßyers, this method requires practice and experience.
Hand Collection. This method uses Þngers and forceps to collect visible, mostly surface-active specimens of all life stages. Results are expected to vary considerably depending on the experience of the investigator. In this study, hand collections encompassed both live specimens (for rearing to adulthood) and killed specimens (preserved in 70% ethanol), originally recorded as separate samples. A third "hit and miss" category of hand collections (i.e., miscellaneous samples), taken infrequently and unevenly, was not included in this study. After day 20, most hand collections yielded no specimens, because arthropods had taken refuge inside or under the depleted and dried remains. Because carcass lifting or rolling can disrupt the carcassÐsoil interface and the natural decay process (N.H.H., unpublished observations), we chose not to sample beneath each set of remains.
Pitfall Traps. This method provides a measure of activity level of the surface-active fauna (Work et al. 2002) . Although impractical to use at crime scenes, pitfall traps are useful in baseline studies and training workshops. Pitfall traps were constructed from a 23-cm section of 10-cm-diameter polyvinyl chloride (PVC) pipe, a 1-pint wide-mouth canning jar, and a 10-cm-maximum-diameter plastic funnel with its stem removed. The PVC pipe was buried vertically with its top edge ßush with the soil surface. At each sampling period, each jar was exchanged with another jar Þlled one-third full with 75% ethyl alcohol. Two pitfalls per subject were placed "laterally" to the remains, spaced 50 cm away. Although adding more traps and evenly dispersing them around each subject would have increased sampling effectiveness, two pitfalls per subject, nevertheless, yielded more specimens than all the other methods combined.
Sticky Traps. These traps are inexpensive and efÞ-cient, enabling several to be deployed around a body while other data are being collected at a crime scene (Haskell and Williams 1990) . In this study, sticky traps were cards of white odorless ßy paper folded stickyside up into a "pup tent" conÞguration. Four clothespins attached to the corners gave ground clearance for stability and easy pickup. When located 1 m from the remains, these traps can yield large samples of blow ßies (Calliphoridae). However, the removal process is slow and can damage specimens, particularly fragile insects, even after soaking in a solvent (e.g., xylene or citrus oils).
For each method, up to four arthropod collections were taken (0800, 1100, 1500, and 1800 hours) on each of 35 consecutive days (except hand collections; see above), yielding a total of 1,412 individual samples. Thus, time-speciÞc samples from pitfall and sticky traps were an admixture of 3-, 4-, and 14-h catches, whereas, aerial net and hand samples required only a few minutes each. Because carrionassociated arthropod populations decrease in both species richness and abundance with carcass age (Schoenly and Reid 1987) , especially after postfeeding maggots have migrated, sampling intensity was reduced over the 35-d study period: days 1Ð15 (four times per day), days 16 Ð17 (three times), days 18 Ð28 (two times), and days 29 Ð35 (one time). Because of this variability in sampling intensity and low specimen counts in many time-speciÞc samples, time-speciÞc samples for each day were pooled into single-"day" samples. Although this pooling procedure reduced the temporal resolution of the original data, nevertheless yielded large sample sizes for meaningful trend comparisons and statistical analysis (i.e., 125 or 126 samples per subject).
Regrettably, over the course of 15 yr of storage and periodic reexamination, 12% (46/377) of the pooled samples were inadvertently and irretrievably lost. Fortunately, the lost samples were roughly evenly divided across the subjects (human, 13; pig A, 14; pig B, 19) with three fourths coming from the second half of the succession (i.e., days 18 Ð35) after arthropod richness and abundance had peaked.
Invertebrate Identifications and Forensically Important Fauna. Collected specimens were ßushed into labeled vials containing 70% ethanol and examined in the laboratory. By using a stereomicroscope, we sorted insects to stage and identiÞed them to the lowest possible taxon, usually family, genus, or species. Other invertebrates were identiÞed to family, order or class. The term "taxon" is used throughout this article to identify a group of organisms of any rank (family, genus, species, life stage) that differed in morphological respects from other such groups. Each taxon, regardless of its resolution, was assigned a unique identiÞcation number (Table 1 ). The following taxonomic keys were used to identify insects: Hall and Townsend (1977) , McAlpine (1981 McAlpine ( , 1987 McAlpine ( , 1989 , Stehr (1987 Stehr ( , 1991 , and Borror et al. (1989) . Voucher specimens of the FI fauna have been housed in the Entomology Research Collections at Purdue University, West Lafayette, IN.
The FI fauna was identiÞed from the total arthropod inventory by using two methods. First, we compiled a list of 19 FI families, based on various entomological sources (Smith 1986 , Catts and Haskell 1990 , Schoenly 1992 , Byrd and Castner 2001 , whose members are used for PMI estimation in death investigations. From this compilation, eight families came from order Diptera (Calliphoridae, Muscidae, Phoridae, Piophilidae, Sarcophagidae, Scenopinidae, Sphaeroceridae, Stratiomyidae), Þve from order Coleoptera (Cleridae, Dermestidae, Histeridae, Scarabaeidae, Staphylinidae), and one from class Acarina (unspeciÞed family). The second method involved taking each member from the 19 families and calculating its difference in abundance between the FAC and the background site, based on catches from pitfall and sticky traps. A positive number indicates probable or potential preference for carrion by that taxon, whereas a negative number indicates a taxon associated with noncarrion habitats within the larger woodland, or an unexplainably large aggregation, or a coarsely resolved taxon. This method also uncovered Þve additional carrion-associated families, which we added to our original FI list, whose members are currently understudied as potential PMI indicators (i.e., Nitidulidae, Psychodidae, Sepsidae, Silphidae, Trogidae).
Photography and Environmental Variables. Photographs were taken of each subject with a date and time placard to document progress of carcass decomposition. Photographs also were taken if unusual arthropod activity was observed. Local climate was recorded using standard weather instruments (rain gauges, max/min thermometers, sling psychrometers). During each collection period, up to Þve temperature readings also were recorded: 25 cm above ground (ambient air), the center of the maggot mass (if present), soil and carcass surfaces, and underneath the carcass at the carcassÐsoil interface. Finally, a voice log of daily observations was made using a tape recorder, which was later transcribed to text.
Analyses. We assessed differences between sampling methods and between subjects by using a combination of graphical methods (Longino and Colwell 1997) , biodiversity assessment indices (Coddington et al. 1996 , Sørensen et al. 2002 , and conventional statistics (Zar 1984) :
Rank-Abundance Plots. We graphed arthropod abundances caught by each method and subject by using matched rank-abundance plots (Longino and Colwell 1997) in which one method or subject was chosen as the reference plot against which the other methods or subjects are compared. When plotted in this way, rank-abundance plots permit a quick visual check of the degree of correspondence between different methods and subjects (Longino and Colwell 1997) .
Method Completeness and Efficiency. We assessed completeness of each method for the total invertebrate catch and the FI fauna, by using the percentage of singletons (i.e., taxa represented by only one specimen) and the ratio of specimens to taxa ("sampling intensity," sensu Coddington et al. 1996) . Capture efÞciency of different sampling methods was assessed by comparing each methodÕs taxonomic richness after standardizing (rarefying) its FI abundance to a common size (Simberloff 1972) .
Unique Taxa and Complementarity. We assessed how well different methods and subjects complemented each other by calculating the percentage of unique taxa (i.e., number of taxa associated with only one method or subject). The degree to which species lists from two methods or subjects, when combined, contributed to the entire inventory (ϭcomplementa-rity), also was calculated from each pairwise combination of methods and subjects. 
Results

FI Taxa.
In excess of 72,000 organisms were collected over the 35-d study, representing 12 classes, 30 orders, Ն91 families, and Ն157 taxa. The list of 24 FI families (see above) matched up with 28% of the sampled taxa and 93% of the sampled individuals, indicating that the most abundant taxa were members of the FI fauna. The subset of FI members comprised 67,330 specimens belonging to 64 taxa, with 75% of them being immatures (Table 1) . Ecologically, FI taxa included members of the sarcosaprophagous fauna (e.g., blow ßies, ßesh ßies, hide beetles) and the predatory fauna (e.g., rove beetles, clown beetles, mites); both groups have been used as forensic indicators in death investigations.
Fifty-seven of the 64 FI taxa, sampled from sticky and pitfall traps at both sites (FAC, control site), were conÞrmed as necrophilous or carrion-associated, based on higher counts at the FAC than at the control site. Indeed, two thirds of the FI taxa sampled at the FAC (i.e., 37/57) went unsampled at the control site. This result was expected, because the unbaited control site should harbor a small subset of the FI fauna.
Performance, Efficiency, and Complementarity of Methods. For each subject, raw percentages of FI individuals sampled by each method differed signiÞ-cantly: human (F ϭ 10.55; df ϭ 3, 110; P Ͻ 0.0001), pig A (F ϭ 16.93; df ϭ 3, 107; P Ͻ 0.0001), and pig B (F ϭ 5.10; df ϭ 3, 103; P Ͻ 0.005). Hand collections, owing to their high day-to-day percentages and small standard deviations, consistently yielded the largest fraction of FI specimens (mean ϭ 96.68%, SD ϭ 12.14%), followed by aerial netting (mean ϭ 79.25%, SD ϭ 24.61%), sticky traps (mean ϭ 66.96%, SD ϭ 29.88%), and pitfall traps (mean ϭ 61.05%, SD ϭ 24.42%), regardless of subject (Fig. 2) . Hand collections yielded only 1 d of low counts of FI individuals on each subject (Fig. 2) . These low counts (Յ56%) were driven by small sample sizes (Յ25 individuals) that inßated the importance of non-FI taxa (e.g., adult carabid beetles, unidentiÞed beetle larvae). Although sticky traps caught a higher percentage of FI specimens than pitfalls from the total invertebrate catch, they displayed more day-to-day variability than the other methods. Unlike the other methods, sticky traps showed a slightly decreasing trend in FI specimens over time.
All methods contributed unique taxa to the FI fauna; however, pitfalls and hand collections yielded the largest percentages of unique taxa and captured more taxa and specimens overall than the other methods, regardless of subject (Table 2) . After standardizing (rarefying) total abundances to a common sample size, all four methods had similar taxonomic richness, at least for the two pigs. For example, sticky traps yielded the lowest raw counts of individuals and taxa, including unique taxa, on all three subjects; however, after rarefaction, taxonomic richness of sticky traps became more comparable to the other methods (Table 2).
Nineteen of the 64 FI taxa were caught by all four methods, including the top 11 (most abundant) ; Fig. 3 ); these taxa belonged to Þve insect families (Calliphoridae, Piophilidae, Sepsidae, Sphaeroceridae, Stratiomyidae). Three of these taxa were immatures (102, 97, 44) , each caught by all four methods, including the aerial net when the net edge made contact with the remains. In contrast to the dipterans, only two of the 21 beetle taxa, both of them adult staphylinids (1, 223), were caught by all four methods (Fig. 3) . In terms of completeness of the total catch, pitfalls outperformed all other methods by capturing 34 of the 42 ßy taxa and 17 of the 21 beetle taxa, followed by hand collections (27 ßies, 15 beetles; Fig.  3 ). Although aerial nets and hand collections captured the same ßy richness (27 taxa each), they differed widely in their capture of beetle taxa (six and 15 taxa, respectively). In contrast, sticky traps contributed only 3% of the total catch of FI individuals and only 39% of the FI taxa, including only 10% of the beetles (Table 2 ; Fig. 3 ). Sticky traps also failed to sample mites (Fig. 3) . . On the vertical axis, taxa are sorted by decreasing total abundance (all methods combined) within each of three FI arthropod orders (Diptera: 102Ð246; Coleoptera: 1Ð 228; Acarina 9). Abundances are plotted on a logarithmic scale for readability. Data for immatures (eggs, larvae, pupae) and adults are treated as separate taxa. Taxon identiÞcation numbers are listed in the left-most plot; these numbers and their corresponding taxonomic identities are listed in Table 1 .
The best two-method combination, based on the highest combined richness of FI taxa, was hand collection plus pitfalls, regardless of subject (Table 2 ). These two methods also yielded the highest number of unique taxa, enabling their combined catches to maximally complement each other. The second best pairwise combination was either aerial nets or sticky traps combined with pitfall traps, depending on the subject (Table 2) .
Human versus Pigs. Three fourths of the FI taxa (47/64) were collected on all three subjects (Fig. 4) . The individuals belonging to these joint taxa exceeded 99% of the total abundance, indicating that only a few rare FI taxa were unique to one subject or another. Paired subject comparisons showed that the humanÐ pig A pair yielded the largest combined richness of FI taxa (98%), whereas the lowest went to the two pigs (92% ; Table 3 ). Coupled with the low counts of unique taxa on each subject (2Ð 8.8%; Table 3 ), combined catches for each subject pair reßected negligible preference by FI taxa for human over pig remains. The Þve unique taxa found exclusively on the human (8.8% of the FI taxa) totaled 16 individuals (0.10% of the total abundance): Þrst and third instars of sarcophagids (160 and 92), two silphid beetles (228, 234), and a larval histerid (195) . Only four taxa were unique to pig A (7% of the FI taxa), contributing only seven individuals of its total catch (0.04%): two adult muscids (Muscina sp. 103, M. stabulans 246), adult clerid beetles (83), and adult phorids (Megaselia sp. 101). A single psychodid larva (243) was the only unique taxon found on Pig B (2% of the taxa, 0.003% of the total abundance; Table 3 ). The possibility that these taxa may have been undersampled (e.g., no samples were taken beneath the remains) or possess unique life history traits (e.g., crypsis) has not escaped our attention. The left-most plot (with its abundances arranged in decreasing order) represents the human corpse (A) against which the two pig carcasses (B and C) are compared. Abundances are plotted on a logarithmic scale for readability. Data for immatures (eggs, larvae, pupae) and adults are treated as separate taxa. Taxon identiÞcation numbers are listed in the left-most plot; these numbers and their corresponding taxonomic identities are listed in Table 1 .
As a subset of the carrionÐarthropod fauna, the FI fauna on each subject Þt a typical pattern of community structure whereby a few very abundant taxa dominated the fauna (Ͼ5% of the total abundance), followed by several intermediate taxa (1Ð5%), and many rare taxa (Ͻ1%). The most abundant taxon found on all three subjects was a calliphorid (third instars, subfamily Chrysominae [102]) whose counts composed 51% of the total abundance. The second and third most abundant taxa (20% of total) were also larval calliphorids, namely, Þrst and second instars (97) and third instars of subfamily Luciliini (44). The next 28 taxa in decreasing abundance (third through the 31st) were collected on all three subjects (Fig. 4) .
Although twice the number of specimens was collected from pig B than the other subjects, other catch statistics were comparable across subjects (Table 3) . On the human, the samples yielded 57 FI taxa; of these taxa, 9% were both singletons and unique taxa. Similarly, the two pigs yielded a total of 57 and 51 FI taxa, respectively; of these taxa, 16 and 8% were singletons, and 7 and 2% were unique, respectively (Table 3) .
Discussion
To our knowledge, this is the Þrst Þeld study to investigate the interaction of multiple sampling methods used by forensic entomologists on multiple subjects at the level of the ecological community in a forensic context. The subjects of this study, one intact (unautopsied and unembalmed) human corpse and two freshly euthanized pig carcasses, represent the most intensively sampled remains to date, with respect to the number of sampling methods tested (four), number of time-speciÞc samples taken (1,412), and number of specimens counted (72,685; Table 3 ). By design, this study is also the Þrst Þeld test of the widely held claim that pig carcasses are valid substitutes for human corpses in research and training programs in forensic entomology.
The Inventory. The 1.6-ha FAC in Knoxville during summer 1989 harbored at least 64 FI taxa. This number, however, is an underestimate for at least three reasons. First, only half of the 64 taxa were identiÞed to subfamily and below; thus, several taxa, resolved only to class (i.e., mites) or family (e.g., sarcophagids, sepsids, nitidulids; Table 1 ), likely include two or more species. Among the 30 Þnely resolved taxa (genera, species, life stages), Þve were calliphorids, the most promising and widely used forensic indicators for PMI estimation (Greenberg 1991) . Second, because we chose not to collect from the carcassÐsoil interface, some taxa within and beneath the decomposing remains went unsampled or undersampled (e.g., dermestids, stratiomyids, clerids, nitidulids, silphids). Third, our results are based on only three study subjects, due in part to unintended design problems that prevented acquisition of multiple human subjects. Beyond these taxonomic, sampling and design issues (see below), we also recorded Þve additions to the carrionÐarthro-pod fauna for southeastern Tennessee, taxa that went unrecorded by both Reed (1958) and Rodriguez and Bass (1983) in their dog carcass and human corpse studies, respectively: Epuraea sp. (Nitidulidae: Coleoptera), Ophyra sp. (Muscidae: Diptera), Hermetia illucens (L.) (Stratiomyidae: Diptera), Necrodes sp. (Silphidae: Coleoptera), and Oiceoptoma sp. (Silphidae: Coleoptera) ( Table 1) . From these results, we conclude that a large fraction of the FI fauna recovered from pig carcasses at the FAC will mirror what crime scene investigators (CSIs) are likely to Þnd on unconcealed summer-exposed human remains in future death cases in southeastern Tennessee.
Comparison of Methods. Although no single method was able to representatively sample the entire FI fauna, all methods contributed unique species, thus complementing each other while reducing the overall sampling effort. Comparative analyses of the four methods on different subjects showed that human and porcine subjects generated similar, if not identical, trends (Table 2) , validating the concept of transferability of best practices from one subject to another.
At least four trends from these results are worth reiterating. First, of the total invertebrate catch taken by each sampling method, hand collections consistently yielded the largest fraction of FI specimens over the 35-d period (mean 97%), followed by aerial netting (79%), sticky traps (67%), and pitfall traps (61%), regardless of subject (Fig. 2) . This result was not unexpected because a forensic entomologist collected the samples and knew in advance which taxa made up the FI fauna. Second, of the 64 taxa and the 67,330 specimens that made up the FI fauna, pitfall traps yielded the largest samples in terms of taxonomic richness, unique taxa, and individuals, followed by hand collections, aerial nets, and sticky traps, regardless of subject (Table 2) . After standardizing (rarefying) abundances of the higher-yielding methods to those of sticky traps, the number of FI taxa converged, at least for the two pigs ( Table 2 ), suggesting that these methods may have similar capture efÞciencies of FI taxa. Third, because different methods sample different microhabitats of the carcass, results were species-selective leading to catches of variable species composition. For example, pitfalls and hand collections were broadly effective at sampling both ßy and beetle populations; however, aerial nets and sticky traps were more selective at targeting ßies (Fig. 3) . Fortunately for forensic entomologists, selective sampling by these methods is unlikely to affect development-based PMI estimates because they rely on calliphorids and other ßies that all four methods caught. However, in cases involving succession-based PMI estimates (e.g., advanced decay), use of aerial nets or sticky traps alone is risky because those methods undersample FI beetles (e.g., clerids, histerids; Fig.  3 ). Fourth, the best two-method combination, based on the highest combined richness of FI taxa, was hand collections plus pitfalls, regardless of subject (Table 2 ). These two methods also yielded the highest number of unique taxa, enabling their combined catches to maximally complement each other. The next best pair was either aerial nets or sticky traps combined with pitfall traps, depending on the subject (Table 2) . Sampling Recommendations at Training Workshops and Research Trials. Analysis of these methods suggests that greater representation of FI taxa at a training workshop or research trial is likely to be achieved by allocating more sampling effort to pitfall traps (Table 2) ; however, if a greater yield of FI individuals from the total catch is intended then allocating more effort to hand collections or aerial net sweeps is recommended (Fig. 2) . Because no single method was able to capture all FI taxa, a prudent plan would be to use two methods (i.e., pitfall traps ϩ hand collections) or even three (i.e., pitfall traps ϩ hand collections ϩ aerial nets). Using multiple methods also helps ensure that rare FI taxa are sampled with common taxa. Although sticky traps provide an effective demonstration of efÞcient and selective passive sampling (e.g., up to 80 blow ßies over several minutes; N.H.H., unpublished data), they contribute few, if any, unique taxa to the total inventory ( Table 2 ). As such, sticky traps more likely supplement (not complement) other sampling methods. Indeed, the additional time trainees and researchers will spend removing specimens from ßy paper might be better spent recording catches from other methods.
Sampling Recommendations at Crime Scenes. Forensic entomologists are rarely invited to gather insect evidence at crime scenes; instead, that responsibility typically falls on a CSI who acts as a proxy for the entomologist. Although current guidelines Williams 1990, Haskell et al. 2001a ) recommend sampling a wide diversity of species and life stages, time constraints often limit sampling to a hit and miss process. Of the four methods tested in this study, only pitfall traps are impractical to employ at a crime scene (e.g., many cases occur indoors, the body may be found on a hard surface). For both the experienced and inexperienced CSI, aerial net sweeps outperform sticky traps and offer the best supplement to hand collections provided beetles are also hand-collected (Fig. 3) . Although aerial netting often reveals which taxa have arrived and oviposited on a body, hand collecting is a necessary Þrst choice because it offers the best hope of revealing eggs and different instars from which the PMI estimate is based. As a proxy for the forensic entomologist, the CSI should become aware of the shortcomings of these methods, as well as their advantages from both their individual and combined use.
Self-Critique. Several concerns about our data and methods need to be addressed.
Missing Samples Prevented Analysis of Temporal Trends. Since collecting these samples in 1989, 12% have been lost. These losses were roughly evenly divided across subjects (range 13Ð19%) and methods (range 11Ð15%) with the exception of hand collections whose losses were lower (6%). These losses brought conspicuous time gaps in the succession, for example, day 6 (e.g., certain methods in all subjects), day 17 (e.g., certain methods in some subjects), and days 25Ð27 (e.g., most methods in all subjects). Most of these gaps were clustered within the second half of the succession after peak arthropod richness and abundance had passed (i.e., on day 7). Because of these gaps, we made no formal attempt to analyze successional trends between subjects or methods. However, these gaps did not prevent us from conducting between-subject comparisons of the same method or between-method comparisons in the same subject because the number of days was comparable in each case (Fig. 2) .
The Unreplicated Human Corpse Was an Avoidable Design Flaw. In our study, pigs were immediately euthanized and placed into refrigeration upon learning of the acquisition of a single donated human subject, a practice that minimized between-subject differences in postmortem age and condition before Þeld placement. Although multiple corpses had been requested as early as May 1989, only one became available on 10 July that met the necessary design criteria (i.e., death within 48 h of acquisition, intact, unautopsied, and unembalmed). Beyond uncertainties in weight, age, gender, acquisition date, and postmortem condition, donated corpses usually arrive at the FAC one at a time. At other times, multiple donations might arrive on the same day (i.e., from several morgues and coroner ofÞces throughout Tennessee), but postmortem ages and conditions typically vary. Together, these uncertainties created uncon-trollable conditions that any strict experimentalist would Þnd undesirable.
Coarse Resolution of Some of the Taxa Prevented a Meaningful Test of the Pig-as-Surrogate Claim. Our Þnding of low preference by FI taxa for human over pig tissues could be criticized as unconvincing because our taxonomic lists, which contain many coarsely resolved taxa (i.e., families and subfamilies; Table 1 ), are expected to correlate better than lists based mostly on genera and species. By using nonparametric and parametric correlation on log-log (power) plots, ranked and total abundances of all FI taxa (coarse ϩ Þne taxa) on one subject were found to be positively and signiÞcantly correlated with ranked and total abundances of all FI taxa on the other, regardless of subject pair (range of Spearman R s ϭ 0.861Ð 0.866, P Ͻ 0.001; range of Pearson r ϭ 0.882Ð 0.884, P Ͻ 0.001). Removing the coarse taxa (subfamilies and above) from each pairwise test weakened each correlation, but by only 4 Ð 8% and without sacriÞcing statistical signiÞcance. Insofar as these comparisons permit, the arthropod faunas on pig and human subjects overlapped sufÞciently to recommend substituting the former for the latter in research and training programs in forensic entomology.
Despite these encouraging results, and to underscore the need to gather additional Þeld data, this study needs to be repeated in at least one other site. Ideally, this second study should incorporate replicated and intact human corpses, freshly euthanized pigs, multiple sampling methods, and several taxonomic specialists, over multiple seasons. Such a study should enable a more conclusive test of the pig-as-surrogate claim over a (taxonomically) Þner and more continuous (temporal) range of data resolution.
Future Directions. Several other questions remain to be resolved by future Þeld experiments and related empirical work. Although this study bolstered support for the pig-as-surrogate claim, we do not know the extent to which PMI statistics differ between pig and human remains. Comparing random draws of the same FI taxa from human and pig developmental and successional timetables provide one method for testing repeatability of PMI statistics (K.G.S., unpublished data). Moreover, signiÞcant interannual variation reported in arthropod arrival and departure times on carcasses studied over the same seasons (e.g., Archer 2003) highlight the need for more multiple-year studies. Another next step should compare a replicated weight series of pig carcasses with human corpses of average weight to test the null hypothesis that surrogate size does not affect species composition, arthropod succession, or rate of decomposition. Although this hypothesis has been Þeld tested with nonhuman carcasses (e.g., Hewadikaram and Goff 1991, Schoenly and Reid 1983) , no test has incorporated human subjects. Future studies also should strive to increase carcass replication beyond the typical two or three pigs per study (this study included). Doing so would not only increase statistical power but also allow construction of numerical probability tables to estimate the likelihood of a particular faunaÕs association in the succession (LaMotte and Wells 2000, Wells and LaMotte 2001) and calculation of conÞdence intervals around PMI estimates (Schoenly et al. 1996) . Finally, forensic entomologists need to conduct blind proÞ-ciency tests by using realistic crime scene data as a means to investigate variability in their methodology and measure frequency and magnitude of percentage error in their PMI estimates. Doing so would put forensic entomology on a more defensible empirical and probabilistic footing (Saks and Koehler 2005) .
